Objective. This study was conducted to determine whether children born to mothers receiving inadequate prenatal care are at an increased risk for having an elevated blood lead level during early childhood.
Methods. The authors conducted a population-based study of children born in Providence, Rhode Island, from 1997 to 2001 whose mothers had received adequate, intermediate, or inadequate prenatal care. The children's blood lead levels were compared between groups using bivariate and logistic regression. To understand the regulatory implications and public health impact of changing the definition of an elevated blood lead level, "elevated" was defined as 5 µg/dL, 10 µg/dL, and 15 µg/dL.
Results. Children born to mothers who received inadequate prenatal care were at an elevated risk for having an elevated blood lead level later in life. This relationship remained statistically significant for each definition of elevated blood lead level and after controlling for other socio-economic status measures and birthweight (at 5 µg/dL, odds ratio [OR]51. 36 , 95% confidence interval [CI] 1.09, 1.68, p50.006; at 10 µg/dL, OR51.68, 95%CI 1.26, 2.24, p,0.0004; at 15 µg/dL, OR51.83, 95% CI 1.10, 3.04, p50.019) represent an opportune moment to identify expectant mothers living in lead-contaminated environments.
Conclusions. Results suggest that conducting lead screening as a regular part of prenatal care provision could help identify women possibly experiencing ongoing lead exposure and help reduce or prevent exposures to their offspring.
An aim of the Healthy People 2010 initiative is to eliminate blood lead levels (BLLs) greater than 10 µg/dL among American children aged 1-5. 1 However, recent national data estimated that 1.6% of children 1-5 years of age had BLLs greater than 10µg/dL from 1999 to 2002. 2 Lead exposure remains a pressing public health issue for children residing in the United States. [3] [4] [5] [6] Childhood lead exposure has been associated with adverse health effects that persist into adulthood, including severe cognitive deficits. [6] [7] [8] [9] [10] [11] The lost productivity costs for children with elevated BLLs are approximately $2,552 per 1 µg/dL increase in BLL. 12 To meet the Healthy People BLL aim, the focus of state prevention programs must be on developing primary prevention measures. 12 For example, improving housing quality can be an effective mode of public health promotion. 13 Due to a legacy of poverty concentration and residential segregation, the majority of old, poor-quality housing that contains lead-based paint is located in underserved urban neighborhoods. 14, 15 For the most part, these are the same neighborhoods that also have a disproportionate number of lead-poisoned children residing in them. 16 However, due to the high cost of many primary lead poisoning prevention programs such as full abatement of lead-based paint in homes, many states have concentrated on interim measures. Often these policies focus on identifying children who have already experienced high lead exposures. Despite the successes of these programs, the need remains to identify at-risk children before their BLLs are elevated. 7, 17, 18 One point of early prevention is the prenatal care setting. Evidence suggests that prenatal care is an effective vehicle for educating women on various health issues. For example, prenatal care education often encourages mothers to stop smoking and reduce alcohol consumption. 19 With respect to lead exposure prevention, prenatal care may be an appropriate place to initiate lead education and to target expectant mothers whose future children may be at high risk for living in lead-contaminated homes. 20 While the mother's BLL may be a reflection of bone-lead mobilization, it may also be a reflection of current lead exposures. 21 By identifying potential exposures early during the pregnancy, future exposures to offspring could be avoided.
While the association between prenatal care and birthweight has been studied extensively, only three studies have examined the association between prenatal care and elevated BLLs. Recknor et al. found that children born to women who received inadequate prenatal care were more likely to have elevated BLLs during the first year of life. 22 Although this finding has important policy implications, the study was limited by a small sample of a predominantly low income African American community residing in South Carolina. We sought to address this limitation through an assessment of the potentially protective effect of prenatal care usage among a relatively large, racially diverse group of children born in Providence, Rhode Island. We also assessed the implications of shifting the benchmark definition of elevated BLLs, based on three regulatory definitions: the Centers for Disease Control and Prevention (CDC) level of concern (10 µg/dL of blood), the action level for Rhode Island (15 µg/dL), 23 and a lower benchmark level of 5 µg/dL based on emerging evidence of adverse effects at this level. 24
METHODS
This was a population-based study that incorporated multiple assessments of childhood lead exposure. The study population consisted of children born in Providence, Rhode Island from January 1, 1997, to November 7, 2001, and we calculated each child's blood lead levels based on the average of all of the blood tests available during the period of study. The study sample was identified through the KIDSNET database. KIDSNET, implemented in 1997 and compiled by the Rhode Island Department of Health (DOH), integrates data from multiple health programs and includes individual-level information on newborn screening, immunization, lead screening, maternal data, and home visits. 25 Currently, the data set contains information for 75% of children born in Rhode Island since 1997. In 2001, approximately 80% of the children represented in KIDSNET had at least one recorded blood lead test result. 26 The eligibility criteria for selecting the study population were four-fold: (1) existence of at least one venous lead test result for the child, (2) information on the month prenatal care was initiated, (3) information on the number of prenatal care visits, and (4) availability of demographic information. Out of 13,236 children born in Providence during the study period, 5,689 were excluded due to blood testing information lacking at least one venous test result, missing prenatal care information, or missing demographic data. The final study sample consisted of 7,547 children.
The main independent variable of interest was prenatal care, which consists of a combination of medical assessment and psychosocial counseling intended to help prevent pregnancy complications and to ensure the well-being of both mother and child. 27 We categorized adequacy of prenatal care as adequate, intermediate, or inadequate with the Kessner Index. 28 These categories reflect the trimester prenatal care started and the number of visits received throughout the mother's pregnancy. For example, mothers classified as having received inadequate care ranged from those who initiated care within the fourth or fifth month of pregnancy and received no subsequent prenatal care visits to those who initiated care in the eighth month of pregnancy and had 0-2 subsequent prenatal care visits. Mothers who received no prenatal care were classified as having received inadequate care. To estimate the adequacy of prenatal care, the month prenatal care was initiated was converted into weeks of gestation; it was assumed that prenatal care began in the middle of the month (week two).
The main outcome of interest was elevated BLLs. The CDC defines an elevated BLL as one venous specimen $10 µg/dL or two capillary blood specimens greater than, or equal to, 10 µg/dL drawn within 12 weeks of each other. 4 The Rhode Island Childhood Lead Poisoning Prevention Program has adopted this standard. 23 For purposes of this study, an elevated BLL was a dichotomous variable, defined according to three benchmarks. First, the current CDC benchmark of 10 µg/dL was used. Second, because research indicates that adverse effects associated with lead exposure persist at levels below 10 µg/dL, 24 new standards have been proposed to lower the definition of elevated BLLs to 5 µg/dL. 4 Thus, to understand how changing the regulatory standard would impact policy decisions, elevated BLLs were also defined at 5 µg/dL. Finally, Rhode Island provides full case management, environmental investigation services, and in-home education to families of children with persistent elevated BLLs $15 µg/dL. 23 To explore which subpopulations currently receive intervention and how changing this standard would impact Providence families, elevated BLLs were defined at 15 µg/dL. For each child with at least one venous test, the average of their blood test results was calculated in order to assess whether they had elevated BLLs compared to the three benchmarks described above.
We considered as possible confounders a number of child and maternal characteristics-the child's race/ ethnicity, birthweight, and risk disposition at birth, as well as the mother's educational attainment, insurance status, age, and marital status. Birthweight was dichotomized, with less than 2,500 grams considered low. In Rhode Island, infants at risk of developmental delays are screened by considering both mother and infant risk factors. These factors include: existence of developmental disabilities, neonatal intensive care unit hospitalization, mother with hepatitis B, single caregiver status, and a newborn's gestational age. For this study, we used the same risk assessment categories as the KIDSNET dataset, where children are identified as risk positive, risk negative, or risk suspect. Mother's age was categorized as teen (,20 years of age), or nonteen ($20 years of age). Medical insurance coverage was used as a proxy of the mother's socio-economic status (SES). Enrollment in Medicaid, a governmentfunded insurance program for low-income individuals, is a good indicator of SES, 29 and has been correlated with an increased risk for childhood lead poisoning. 30 The mother's educational attainment was also used as a proxy for socioeconomic status as it can be an indicator of an individual's probability of future success. 31 This variable was dichotomized as having or not having completed high school.
Multivariable logistic models were fit, predicting the odds of having an elevated blood lead level by adequacy of prenatal care received and adjusting for the potential confounders discussed above. Variables were entered using a forward step-wise procedure. All analyses were conducted using SAS, release 8.2. 32 RESULTS Table 1 describes the study population and the excluded population. There were 7,547 children included in the study, and 5,689 excluded. Compared to the analytic sample, a larger proportion of excluded children were identified as having no insurance or other/unknown insurance, and more were identified as being risk negative. Of the mothers in the excluded population, slightly fewer were younger than age 19, and fewer had received more than 11 years of education. Of these mothers, more had received inadequate prenatal care as compared to the study population. In addition, more children characterized as white were in the excluded group than included in the study. All other characteristics were similar between the study population and excluded children.
Information on prenatal care was not available for mothers of 1,338 children. Of the rest, 6,946 (92.0%) had received adequate prenatal care, 212 (2.8%) had received intermediate care, and 389 (5.2%) had received inadequate prenatal care ( Table 2 ). The percentage of children receiving adequate prenatal care was slightly higher in Providence than the Rhode Island average of 85.2% (data not shown). 33 Among children with inadequate prenatal care, a higher percentage had elevated BLLs (16.7%, n565), as compared to children with adequate prenatal care (9.3%). Approximately 30% of white children and 17% of black children received adequate prenatal care. Children whose mothers received public health insurance or had no health insurance were more likely to have received either inadequate or intermediate prenatal care.
Results of the logistic regression analysis indicate that, compared to children with adequate prenatal care, children with inadequate care were more likely to have elevated BLLs across all benchmarks definitions of elevated BLL (Table 3) . When the BLL benchmark of 10 µg/dL was used, children with inadequate prenatal care were 1.68 times as likely to have elevated BLLs compared with children whose mothers had received adequate prenatal care (95% CI 1.26, 2.24). In addition, black/Cape Verdean children had a significantly higher risk compared with white children for elevated BLLs for all three benchmarks of 5, 10, and 15 µg/dL. By contrast, Hispanic children had a lower risk compared with white children of having elevated blood lead levels across all three BLL benchmarks (at 10 µg/dL, OR50.72; 95% CI 0.58, 0.88). The protective effect for Hispanic children was stronger as the benchmark for elevated BLL increased. The effect of low birthweight was independent of a child's risk of an elevated BLL (at 10 µg/dL, OR50.81; 95% CI 0.59, 1.10). Finally, having public insurance appeared to have a statistically significant and positive relationship with elevated BLLs for all three benchmarks.
To assess for effect modification, logistic regression models were stratified by birthweight (Table 4 ). Birthweight was chosen for the study as an effect modifier because the literature has suggested that for biologic reasons low birthweight infants may be more vulnerable to lead exposure 34, 35 and therefore may be at higher risk for having elevated blood lead levels. 22 Children with low birthweight often have low iron and calcium stores, which could place them at a greater risk for lead poisoning. 34, [36] [37] [38] [39] The stratified models showed a persistent increased risk of elevated BLLs for adequate birthweight children whose mothers received inadequate prenatal care (5 µg/dL: OR51.31, 95% CI 1.04, 1.65; 10 µg/dL: OR51.72, 95% CI 1.27, 2.33; 15 µg/dL: OR51.96, 95% CI 1.61, 3.31). There was an increased risk of elevated BLLs among low birthweight children whose mothers had received inadequate prenatal care for the 5 µg/dL and 10 µg/dL benchmarks, but these results were not statistically significant. Birthweight did not appear to modify the association between prenatal care and risk of having an elevated BLL.
DISCUSSION
This study indicates that children whose mothers received inadequate prenatal care are at risk for having elevated BLLs in childhood. Our results also show that this relationship persists across three definitions of an elevated BLL (5, 10, and 15 µg/dL). Our findings are consistent with an earlier study of children residing in Charleston, South Carolina; 22 however, our study had a larger and more racially and socio-economically diverse sample, and our analysis incorporated all of the children's available lead data. Our findings suggest that although prenatal care may be a proxy for the breadth and depth of a mother's social support as well as educational and economic resources, prenatal care has an independent protective effect against elevated BLLs in the future. Mothers who have not completed high school are more likely to be unemployed or underemployed and therefore have fewer economic and financial resources. 31 Higher SES may reflect the resources available to the mother, which may enhance her capacity to reduce environmental lead exposure. These women tend to be married and receive social and emotional support from the infant's father during pregnancy. 40 Second, recipients of adequate prenatal care are likely to have better nutrition, which in turn can lessen the impact of lead exposure both in utero and during childhood. 41 Nevertheless, even after controlling for other SES measures such as maternal education, marital status, and insurance status, the protective effect of prenatal care against elevated BLLs persisted, suggesting that this form of early intervention can potentially reduce the risk of childhood lead poisoning.
Our results should be considered in light of the strengths and limitations of the study. First, the available SES variables could only partially account for child and maternal socioeconomic position. We used insurance coverage as a proxy for SES and access to health care, but this is an imperfect measure that may have allowed for residual confounding. Within Rhode Island major providers for RIte Care, Rhode Island's Medicaid Managed Care Program also offers private insurance plans. Because we could not distinguish between these two plans, recipients of subsidized health insurance through private insurance companies may have been misclassified as having private insurance. This would have underestimated the true effect of receiving public health insurance, or of being of low socioeconomic status. Second, there was no way to determine whether black Hispanic children had been identified as Hispanic or black. If many of the children identified as black were in fact Hispanic, the true relationship between Hispanic ethnicity and the risk of having an elevated blood lead level would be stronger than shown in this study. This may explain the lower effect observed among Hispanic children compared with white children. Third, we had no data on the nutritional status of the mother or the infant, which may be a potential confounder of the observed relationship between the adequacy of prenatal care and elevated blood lead levels. Finally, because the Kessner Index does not consider information about the entire pregnancy, the measure tends to underestimate the inadequacy of prenatal care. 42 Consequently, potential misclassification could have underestimated the strength of association between inadequate prenatal care and elevated BLLs. Although other more precise indices such as Kotelchuck Adequacy of Prenatal Care Utilization Index are available, these indices require information that was unavailable in our dataset. 42 Despite some of these limitations, our analysis improves on previous studies by estimating blood lead levels averaged across several tests for each child, which allows for more stable estimates than would be possible with a single measure, as is the case with extant studies on the association between prenatal care and lead exposure. Although Rhode Island has relatively high insurance enrollment rates, our study sample is racially and socioeconomically diverse. These strengths combined with our large sample size make it likely that our findings can be generalized to urban populations along the Eastern seaboard.
Our results suggest that the prenatal care setting may be an appropriate place to identify pregnant mothers at high risk of living in lead-contaminated environments. Effective models of such preventative counseling in prenatal care settings already exist. 19, 22, 43, 44 In the case of childhood lead prevention, comprehensive and timely prenatal care could connect women to nutrition programs such as WIC. Second, prenatal care is a suitable place to begin lead education and to identify those women whose future children may be at high risk of living in lead-contaminated environments. Blood lead testing of the pregnant mother could help identify mothers experiencing high exposures from contaminated environments or other sources. While the mother's BLL may be a reflection of bone-lead mobilization, it may also reflect current lead exposures from either lead paint or from cultural items such as the use of lead-glazed cooking vessels, traditional remedies, or spices that contain lead that could later poison the child. 21, 45, 46 Expanding access to prenatal care through outreach programs and conducting lead screening as a regular part of care provision could help identify women possibly experiencing ongoing lead exposure and enable health care providers to inquire about lead hazards in the mother's home. 47 By identifying mothers living in homes that pose a high risk of lead exposure early in the pregnancy, future exposures to offspring could potentially be avoided. Given limited resources for conducting effective childhood lead prevention programs, tapping into existing public health promotion infrastructure and expanding the provision of prenatal care to support lead exposure reduction efforts would be prudent. Adjusted for risk disposition, child's race/ethnicity, insurance status, mother's educational attainment level, marital status, and mother's age. 2 Sample size too small for analysis.
Adj. OR 5 odds ratio CI 5 confidence interval
